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Delineating the molecular basis of synapse develop-
ment is crucial for understanding brain function.
Cocultures of neurons with transfected fibroblasts
have demonstrated the synapse-promoting activity
of candidate molecules. Here, we performed an unbi-
ased expression screen for synaptogenic proteins
in the coculture assay using custom-made cDNA
libraries. Reisolation of NGL-3/LRRC4B and neuroli-
gin-2 accounts for a minority of positive clones, indi-
cating that current understanding of mammalian
synaptogenic proteins is incomplete. We identify
LRRTM1 as a transmembrane protein that induces
presynaptic differentiation in contacting axons. All
four LRRTM family members exhibit synaptogenic
activity, LRRTMs localize to excitatory synapses,
and artificially induced clustering of LRRTMs medi-
ates postsynaptic differentiation. We generate
LRRTM1–/– mice and reveal altered distribution of
the vesicular glutamate transporter VGLUT1, con-
firming an in vivo synaptic function. These results
suggest a prevalence of LRR domain proteins in
trans-synaptic signaling and provide a cellular basis
for the reported linkage of LRRTM1 to handedness
and schizophrenia.
INTRODUCTION
Chemical synapses represent the principal means of communi-
cation between neurons. While significant progress has been
made in determining the developmental signals that guide axons
to their targets, the molecular mechanisms that determine the
final establishment of circuits remain incompletely understood.
Synapses are asymmetric cellular junctions composed of a
presynaptic vesicle release site, a synaptic cleft, and a special-
ized postsynaptic receptive apparatus. A major challenge in
elucidating the mechanisms that govern synapse formation734 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.and maturation is the enormous variety of synapse types in the
mammalian brain. It is likely that this diversity requires contribu-
tion from a large number of molecular signals. In addition to
neuronal transmembrane proteins, secreted factors such as
FGFs and neuronal pentraxins, and glial-derived factors such
as thrombospondin and complement cascade proteins shape
synapse development (Stevens et al., 2007; Waites et al., 2005).
Significant attention has focused on the role of synaptic cell
adhesion molecules (CAMs) in synapse development (Ackley
and Jin, 2004; Dalva et al., 2007; Ko and Kim, 2007; Yamagata
et al., 2003). Given the potential for a trans-synaptic interaction
that could bridge the presynaptic release apparatus with the
postsynaptic density, Scheiffele and colleagues tested whether
neuroligin expressed in transfected HEK cells could assemble
presynaptic terminals when cocultured with axons from pontine
explants. Indeed, expression of neuroligin in HEK cells induced
the clustering of synaptic vesicles in contacting axons (Scheiffele
et al., 2000), via direct interaction with neurexins. In a parallel
fashion, expression of b-neurexin in COS cells induces postsyn-
aptic differentiation in contacting dendrites (Graf et al., 2004).
These results show that a single molecular interaction can orga-
nize many aspects of presynaptic and postsynaptic assembly.
Further studies indicate selective roles of different neuroligin
and neurexin splice isoforms at excitatory versus inhibitory
synapses (Chubykin et al., 2007; Craig and Kang, 2007). More-
over, analyses of knockout mice indicate an essential role for
neurexins and neuroligins in synapse development (Missler
et al., 2003; Varoqueaux et al., 2006). Neuroligin-1, -2, -3 triple-
knockout mice die at birth due to defects in excitatory and
inhibitory transmission, although single-neuroligin knockouts
have only subtle phenotypes (Chubykin et al., 2007; Jamain
et al., 2008; Varoqueaux et al., 2006).
Thefibroblast-neuroncocultureassayhasproven tobeauseful
tool in testing candidate proteins for a role in synaptic develop-
ment (Biederer andScheiffele, 2007;Craig et al., 2006).Coculture
assays have revealed synaptogenic activity for four families of
neuronal CAMs, and in some cases their binding partners: neuro-
ligins and partner neurexins, SynCAMs/Necls (Biederer et al.,
2002), EphBs and partner ephrinBs (Aoto et al., 2007; Kayser
et al., 2006), and netrin G ligands (NGLs/LRRC4s) (Kim et al.,
2006). Knockout mice studies have validated roles for
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Henkemeyer et al., 2003; Kayser et al., 2006) as well as neurex-
ins/neuroligins in synapse development. Evidence is accumu-
lating that proteins testing positive for synaptogenic activity in
this assay may not be essential for initiating the formation of or
maintaining the integrity of synaptic junctions. Rather, these
factors may serve a role in thematuration of the synapse, recruit-
ing components necessary for synaptic function.
Here we used the fibroblast-neuron coculture assay to search
for novel synaptogenic proteins. We created and screened a set
of full-length size-selected cDNAexpression libraries fromdevel-
oping rat brain. Screening to date reveals a prevalence of leuci-
ne-rich repeat (LRR) synaptogenic proteins arising from this
unbiased approach. We identify the leucine rich repeat trans-
membrane neuronal (LRRTM) protein family as able to instruct
excitatory presynaptic differentiation and to mediate postsyn-
aptic differentiation. Furthermore, we generate an LRRTM1
knockout mouse and reveal a modest synaptic phenotype, sug-
gesting a synaptic basis for the recently reported linkage of
LRRTM1 to handedness and schizophrenia (Francks et al.,
2007). Parts of this work have previously been published in
doctoral dissertations (Linhoff, 2008; Lauren, 2007).
RESULTS
Expression Screening for Molecules Involved
in Presynaptic Differentiation
To test the feasibility of converting the fibroblast-neuron cocul-
ture assay into an expression screen, neuroligin-1 and neuroli-
gin-2 cDNAs were diluted up to 1:1000 with either a soluble
CFP expression plasmid or a pool of inactive cDNAs. Neuroli-
gin-2 could be diluted 500-fold while still consistently yielding
apositive synaptogenic signal on a single neuron-COScell cocul-
ture coverslip, while neuroligin-1 could only be diluted 100-fold
(data not shown). Thus, a pool size of250 cloneswould be likely
to yield novel cloneswith synaptogenic activity of similar potency
as neuroligins. This pool size of 250 is considerably smaller than
typical pool sizes of 1,000 - 10,000 used for expression screens
involving more sensitive detection technologies (e.g., Fournier
et al., 2001). Furthermore, since we are expecting active proteins
to be transmembrane or secreted, positive clones would have to
be full-length to contain the signal peptide essential for proper
trafficking.
Thus, the first step in the screen was to generate an unampli-
fied cDNA expression library with a high percentage of full-length
clones (Figure 1A). We isolated mRNA from rat forebrain at P11,
the peak of synaptogenesis (Micheva and Beaulieu, 1996). To
ensure representation of full-length molecules, we used the
biotinylated cap-trapper method that had been developed for
large-scale sequencing projects (Figures S1A and S1B) (Carninci
et al., 1996). The resultant cap-trapped cDNA was subjected to
rigorous size fractionation, and individual unamplified libraries
were maintained. Mean insert size of the resultant libraries was
confirmed by restriction digestion (Figure S1C), and sequencing
of over 50 clones indicated that all contained the 50 ATG. We
were successful in creating high-quality expression libraries for
inserts up to 5 kb using pcDNA3.1 as the host expression vector
(Figure 1A).Figure 1B illustrates the protocol that we used for the screen to
identify cDNA pools that contained synaptogenic activity. Syn-
aptogenic activity was assayed by the immunocytochemical
detection of experimentally induced hemisynapses. The cocul-
tures were immunostained with synapsin I antibody to detect
synaptic vesicle clustering at contact sites between COS cells
and axons. Coimmunostaining for the postsynaptic markers
PSD-95 family and gephyrin ensured that synapsin immunoreac-
tivity associated with bona fide interneuronal synapses was not
counted as a false positive. A cDNA pool was considered posi-
tive if it generated any COS cell with significant associated syn-
apsin clusters unapposed to PSD-95 family or gephyrin. We
screened positive cDNA pools using PCR to detect known syn-
aptogenic factors. The first positive pool, PD026, was found in
the 4–5 kb library, tested positive for neuroligin-2 using PCR,
and was not fractionated to isolate the single responsible synap-
togenic cDNA. Further screening within the 3–4 kb library re-
sulted in another positive pool, PC064, which tested PCR nega-
tive for neuroligins. We subdivided the PC064 cDNA pool to
isolate the synaptogenic clone. Generation of arrayed clones
and DNA from a positive subpool aided in identifying the active
clone. The isolated clone, PC064-89-29-40 (pool PC064, sub-
pool 89, subpool 29, clone 40), was identified as leucine-rich
repeat transmembrane protein LRRTM1. The LRRTM protein
family consists of four members, each possessing ten extracel-
lular leucine-rich repeats, a single transmembrane domain, and
an 70 amino acid cytoplasmic domain (Figures 1B and S2)
(Lauren et al., 2003).
Quantitation of the Synaptogenic Activity for LRRTM
Family Members
We cloned each of the LRRTM family members from rat cDNA,
fused CFP to the C terminus, and tested each protein for synap-
togenic activity in the coculture assay. N-cadherin has been
shown previously to not induce presynaptic clustering (Scheif-
fele et al., 2000); we confirmed this (see below) and used N-cad-
herin as a negative control. As an additional control, we used the
LRR protein, AMIGO, which has been shown to interact with the
axons of hippocampal neurons and induce neurite outgrowth
and fasciculation (Kuja-Panula et al., 2003).
To obtain a quantitative measure of each protein’s ability to
instruct presynaptic differentiation, we measured the amount of
synapsin clustering associated with transfected COS cells and
not associated with MAP2-positive dendrites to exclude inter-
neuronal synapses. Robust synaptogenic activity was observed
for LRRTM1-CFP, LRRTM2-CFP, LRRTM4-CFP, and neuroli-
gin-2-CFP (Figures 2A, 2B, and S3B). In some instances clus-
tering of the CFP fusion protein could be observed apposed
to synapsin puncta (Figures 2A and 2B, insets). LRRTM3-CFP
consistently yielded limited activity in the coculture assay
(Figure S3A). In contrast to the LRRTMs, synaptogenic activity
was not observed for N-cadherin-CFP or the LRR-containing
AMIGO-CFP (see Figure 2C for images of AMIGO-CFP).
LRRTM1-CFP, LRRTM2-CFP, LRRTM4-CFP, and neuroligin-
2-CFP each induced a >14-fold increase in synapsin clustering
when compared to results obtained from N-cadherin-CFP or
AMIGO-CFP-transfected cells (Figure 2D, n = 20 transfected
COS cells per construct; ANOVA p < 0.0001; t test versusNeuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc. 735
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LRRTMs Instruct Presynaptic DifferentiationFigure 1. Expression Screening Identifies LRRTM1 as a Synaptogenic Factor
(A) Construction of cDNA expression libraries. Flow diagram summarizes the procedure. The autoradiograph in the center shows the size range of the second-
strand cDNA product. Characteristics of the libraries are summarized in the table.
(B) Flow diagram illustrating the experimental protocol of the expression screen leading to the discovery of LRRTM1. Expression library pools were minimally
amplified in soft agar and plasmid DNA prepared and transfected into COS cells in a 12-well tissue culture plate. Transfected COS cells were seeded onto neuron
coverslips, and the coculture coverslips were transferred back into the astrocyte feeder dish. After 24 hr, coculture coverslips were fixed, immunolabeled, and
scanned visually on a fluorescent microscope. Images are shown from the original pool, PC064, that scored as positive and was later found to contain LRRTM1.
Synaptogenic activity is indicated by the presence of synapsin clusters (red) on axons contacting a COS cell; these presumed induced clusters did not label for
postsynaptic markers PSD-95 family plus gephyrin (green), unlike the endogenous neighboring synapses on dendrites. This pool tested negative for PCR tests for736 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.
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LRRTMs Instruct Presynaptic DifferentiationN-cadherin-CFP and AMIGO-CFP p < 0.005). In contrast, synap-
sin clustering associated with LRRTM3-CFP was 1.6- to 3.3-fold
above that associated with N-cadherin-CFP or AMIGO-CFP
(t test versusN-cadherin andAMIGOp<0.05). In separate exper-
iments to confirm the lack of presynaptic inducing activity of
N-cadherin compared with no surface protein expression, we
compared the percentage of cells exhibiting any clusters of syn-
apsin not associated with PSD-95 or gephyrin for COS cells
expressing N-cadherin-CFP (1.6% ± 0.3%) or expressing CFP
(1.8% ± 0.5%; p > 0.1).
Axonal contact area determined from dephospho-tau immu-
noreactivity was also higher for LRRTM2-CFP, LRRTM4-CFP,
and neuroligin-2-CFP than for N-cadherin-CFP or AMIGO-CFP
(Figure S3C; ANOVA p < 0.0001), suggesting an effect on axon
adhesion as well as presynaptic differentiation. The less than
2-fold increase in axon contact area for LRRTM2-CFP or
LRRTM4-CFP was not sufficient to explain the >14-fold increase
in synapsin clustering, indicating a direct presynaptic effect.
Thus, measures of synapsin area normalized per axon contact
area also revealed significant induction of presynaptic differenti-
ation by LRRTMs (Figure 2E). Although the most synaptogenic
factors tended to have increased axon contact area, the same
phenomenon did not hold true for LRRTM1-CFP. This result is
likely due to the reduced surface expression of LRRTM1 relative
to the other family members. We observed that LRRTM1 accu-
mulates extensively in the endoplasmic reticulum of transfected
nonneuronal cells (data not shown), and this result has been
observed previously (Francks et al., 2007).
Since synapsin is a vesicle-associated protein, we also tested
for othermarkers of presynaptic differentiation. LRRTMs induced
clustering of the active zone cytomatrix protein bassoon (Figures
S4A–S4D), as well as the integral synaptic vesicle membrane
protein synaptophysin (Figures S4E–S4H).
LRRTMs Instruct Excitatory Presynaptic Differentiation
We tested whether the synaptogenic activity was restricted to
excitatory or inhibitory presynaptic differentiation. TheCFP fusion
proteinswere scored blind for significant clustering of the presyn-
aptic vesicular neurotransmitter transporters,VGLUT1andVGAT,
to identify excitatory or inhibitory presynaptic differentiation,
respectively. Significant clustering of VGLUT1 unapposed to
PSD-95 family was observed for LRRTM1-CFP, LRRTM2-CFP,
LRRTM3-CFP, LRRTM4-CFP, and neuroligin-2-CFP (Figures
2F–2J; ANOVA p < 0.0001; t test versus N-cadherin-CFP and
AMIGO-CFP p < 0.0005). In contrast, only LRRTM2-CFP and
neuroligin-2 showed robust clustering of VGAT unapposed to
gephyrin (Figures S3D–S3F; ANOVA p < 0.0001).
LRRTM Instructs the Development of Functional
Glutamate Release Sites
Since LRRTM1 and LRRTM2demonstrated themost potent syn-
aptogenic activity of the four familymembers, we focused further
efforts on these two familymembers. To testwhether the inducedpresynaptic clusters were functional for release, we used whole-
cell patch voltage clamp to record currents from HEK293T cells
cotransfected with LRRTM2-CFP and NMDA receptor subunits
YFP-NR1 and NR2A and cocultured with hippocampal neurons.
A similar assay was used to show that neuroligin-1 coexpressed
with NMDA receptors could induce excitatory postsynaptic
current (EPSC)-like events inHEKcells coculturedwith cerebellar
granule neurons (Fu et al., 2003). Here, bursts of spontaneous
activity much like NMDA receptor currents typical of cultured
neurons were recorded from the HEK293T cells expressing
LRRTM2-CFP and NMDA receptors (Figure 3A). These bursts
of high-amplitude events were abolished by tetrodotoxin (TTX)
and reduced to miniature EPSC-like events, indicating that the
bursts arise from action-potential-dependent neuronal network
activity that drives glutamate release onto the transfected cell.
In contrast, HEK293T cells cotransfected with YFP-NR1, NR2A,
and N-cadherin-CFP as a negative control exhibited only rare
spontaneous events and lacked the bursting activity observed
for LRRTM2-CFP-expressing cells (Figure 3B). These rare
synaptic-like events may correspond to fusion of immature
synaptic vesicles or may arise from orphan release sites of axons
(Krueger et al., 2003). The frequency and amplitude of events
onto N-cadherin-expressing cells was not significantly altered
by TTX. Amplitude of events onto LRRTM2-CFP-expressing cells
was reduced 4.6-fold by TTX (n = 5 cells with frequency >0.1 Hz),
indicating the formation of multiple functional release sites.
Quantitative analysis confirmed a greater than 20-fold overall
increase in frequency of spontaneous EPSC-like events and
6.6-fold increase in frequency of miniature EPSC-like events in
HEK293T cells expressing LRRTM2-CFP compared with N-cad-
herin-CFP-expressing cells (Figure 3C; nR 10, p < 0.005 t test).
The amplitude of spontaneous but not miniature events was also
significantly increased for LRRTM2-CFP versus N-cadherin-
CFP-expressing cells (Figure 3D; p < 0.05 t test comparison of
mean cell values). Mean amplitude of miniature events was
89 and 99 pA for N-cadherin or LRRTM2-CFP-expressing cells,
respectively, suggesting that sufficient levels of diffuse surface
NMDA receptors were obtained in the HEK cells to provide
a sensitive assay of release. All synaptic-like events were abol-
ished by NMDA receptor antagonist APV (data not shown).
Thus, the presynaptic specializations induced by LRRTM2
expression are functional with respect to evoked and sponta-
neous glutamatergic synaptic vesicle exocytosis.
The LRR Domain of LRRTM Is Necessary and Sufficient
for Synaptogenic Activity
To determine if the LRR domain was necessary for synaptogenic
activity, a deletion mutant lacking the LRR domain, DLRR-
LRRTM2-CFP, was tested in the coculture assay. The deletion
mutant was expressed on the cell surface, but presynaptic differ-
entiation was not observed in axons that contacted the surface
of transfected COS cells (Figure S5). To determine whether the
LRR domain of LRRTM2 is sufficient to instruct presynapticknown synaptogenic proteins and was further broken down. Sequence analysis revealed the single active clone to be rat LRRTM1. The final cartoon illustrates
LRRTM domain structure. LRRTMs contain ten extracellular leucine-rich repeats (green) flanked by N- and C-terminal disulfide bonded ‘‘capping’’ domains
(yellow), a single-pass transmembrane domain (red), and a potential PDZ ligand (magenta).Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc. 737
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LRRTMs Instruct Presynaptic DifferentiationFigure 2. Quantitation of the Synaptogenic Activity of LRRTM Family Members
(A–E) COS cells were transfected with C-terminal CFP fusion proteins, cocultured with hippocampal neurons, and the clustering of synapsin was quantitated at
sites where hippocampal axons contacted transfected cells and not dendrites. (A and B) Synapsin clustering is observed along axons (labeled with dephosphory-
lated tau) contacting COS cells expressing LRRTM1-CFP or LRRTM2-CFP and lacking contact with dendrites (labeled with MAP2). The insets show apposition
of LRRTM-CFP clusters in the COS cells and synapsin clusters in contacting axons. (C) No significant synapsin clustering is evident along axons contacting738 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.
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LRRTMs Instruct Presynaptic DifferentiationFigure 3. LRRTM Instructs Assembly of
Functional Vesicle Release Sites
HEK cells were cotransfected with LRRTM2-CFP
and the NMDA receptor subunits, YFP-NR1 and
NR2A. A similar cotransfection was performed
with N-cadherin-CFP and NMDA receptor
subunits as a negative control. The transfected
HEK cells were cocultured with hippocampal
neurons for 24 hr before recording.
(A) Representative trace fromwhole-cell recording
of a HEK cell cotransfected with LRRTM2-CFP
and NMDAR. Spontaneous synaptic-like currents
can be seen. TTX abolished this bursting activity,
leaving miniature EPSC-like events. The inset
shows sample miniature EPSC-like events and
an average of such events from one cell.
(B) Trace from whole-cell recording of one of the
most active HEK cells cotransfected with N-cad-
herin-CFP and NMDAR. Only occasional isolated
events were observed in the absence or presence
of TTX; inset shows a sample event in the pres-
ence of TTX.
(C) Frequency plot of EPSC-like events comparing LRRTM2-CFP and N-cadherin-CFP transfected HEK cells in the absence and presence of TTX. Number
of cells recorded: LRRTM2 (22), N-cadherin (17), LRRTM2 + TTX (11), N-cadherin + TTX (10).
(D) Cumulative probability plot of current amplitude for the four conditions shown in panel (C).
All error bars are SEM.differentiation, a fusion protein of the LRR domain of LRRTM2
with a myc-epitope tagged placental alkaline phosphatase
(AP), LRRTM2 LRR-AP, was linked via biotinylated anti-myc
antibody onto neutravidin beads. Contact of these LRR-AP-
coated beads with isolated axons of hippocampal neurons
induced clustering of synapsin or VGLUT1 at contact sites
(Figures 4A and 4B, right panels). Beads coated with the control
AP protein did not display synaptogenic activity (Figures 4A and
4B, left panels). Random counts revealed synapsin clustering at
34.1% of LRR-AP bead contacts and only 2.1% of control AP
bead contacts (n = 50 fields). The mean synapsin intensity under
all LRR-AP beads was 6.3-fold higher than that under control AP
beads (p < 0.0001). Clustering of the active zone marker
bassoon could also be detected at LRR-AP bead-axon contact
sites. In fact, there appeared to be separation between the
bassoon-labeled active zone and the VGLUT1-positive vesicle
pool, with the active zone most closely apposed to the bead
surface (Figure 4B, right panel, inset). The LRR-AP beads did
not appear to cluster VGAT at contact sites with GAD-positive
axons (data not shown). These results show that the LRR
domain of LRRTM2 is necessary and sufficient to induce excit-
atory presynaptic differentiation without any contribution from
other factors.Localization of Recombinant LRRTMs to Excitatory
Synapses Independently of the PDZDomain Binding Site
To begin to assess subcellular localization, we created extracel-
lularYFP fusionsof LRRTM1andLRRTM2and transfectedhippo-
campal neurons in culture. YFP-LRRTM-1 or -2 expressed at low
level in hippocampal neurons traffic to dendrites and assume a
punctate, synaptic-like pattern (Figures 5A–5C). YFP-LRRTM-1
or -2 colocalized with PSD-95 family proteins opposite VGLUT1
puncta. YFP-LRRTM-1 and -2 appeared to be exclusively colo-
calized with the excitatory postsynaptic scaffolding proteins
of the PSD-95 family but not with the inhibitory postsynaptic
scaffolding protein gephyrin. Quantitation of thresholded puncta
revealed 72.6% overlap of YFP-LRRTM2 puncta with PSD-95
family, compared with 4.5% overlap of mirror images as control,
and 8.0% overlap with gephyrin. These results suggest that the
function of LRRTMs may be restricted to glutamatergic and not
GABAergic hippocampal synapses, although more definitive
tests and more diverse contexts are required.
The C terminus of all four LRRTMmembers ends in a pattern of
residues (-E-C-E-V) that resembles the X-S/T-X-V Class I PDZ
domain ligand pattern (Sheng and Sala, 2001). Furthermore, a
glutamate at the 3 position is preferred for PDZ domains 1
and 2 of PSD-95, for which several natural ligands terminateAMIGO-CFP expressing COS cells. The only synapsin clusters occur at axon-dendrite contacts, at endogenous synapses. (D) Quantitation of the total integrated
intensity of synapsin staining associated with COS cells transfected with the indicated CFP fusion proteins and not associated with MAP2. (E) Quantitation of the
total synapsin pixel area associated with COS cells transfected with the indicated CFP fusion proteins divided by the tau-positive axon contact area. ANOVA
p < 0.0001 for (D) and (E). Scale bar, 10 mm.
(F–J) COS cells expressing LRRTM-CFP fusion proteins and cocultured with hippocampal neurons clustered the specific glutamatergic presynaptic marker
VGLUT1 at nonsynaptic sites in contacting axons. (F) For quantitating VGLUT1 clustering, individual transfected COS cells were scored as either positive or nega-
tive; 100 cells were assayed per coverslip, and four coverslips were analyzed for each recombinant protein. ANOVA p< 0.0001. (G–J) Expression of LRRTM1-CFP
(G), LRRTM2-CFP (H), LRRTM3-CFP (I), or LRRTM4-CFP (J) results in VGLUT1 clustering on axons contacting the expressing COS cell and not associated with
PSD-95-family proteins. This is a greater level of clustering than is generally seen for LRRTM3. Scale bar, 10 mm.
All error bars are SEM.Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc. 739
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LRRTMs Instruct Presynaptic DifferentiationFigure 4. The LRR Domain of LRRTM Instructs Presynaptic Differentiation
(A) Right panel: clustering of synapsin was observed at sites where axons contacted beads coated with LRRTM2 LRR-AP. Left panel: no clustering was observed
at sites where axons contacted control beads coated with control AP protein. Top panel: phase contrast; bottom panel with inset: synapsin immunostaining was
used to detect presynaptic differentiation, tau labels axons, and the phase contrast bead image is merged in the blue channel.
(B) Right panel: clustering of VGLUT1 was observed at sites where axons contacted beads coated with LRRTM2 LRR-AP. Left panel: no clustering was observed
at the axon-contact site with control beads. Top panel: phase contrast; bottom panel: immunostaining for SynGAP was used to detect endogenous synapses,
and VGLUT1 immunostaining was used to detect excitatory presynaptic differentiation. In the inset, bassoon and VGLUT1 immunostaining show the separation
of the synaptic vesicle pool and the active zone at the site of axon contact with beads (phase-contrast image placed in blue channel). Scale bar, 10 mm.in -E-S/T-D-V (Sheng and Sala, 2001). Although a cysteine has
not been reported in the 2 position for PDZ domain ligands,
the similarity prompted us to test whether LRRTMs might bind
PSD-95. We tested whether YFP-LRRTM2 could colocalize
with PSD-95 in COS cells. YFP-LRRTM2 frequently forms small
clusters in transfected COS cells. When PSD-95-mRFP was co-
transfected with YFP-LRRTM2, the two proteins colocalized
precisely in larger discrete aggregates (Figure 5D). Similar co-
clustering has been observed for coexpressed PSD-95 and
other ligands and is thought to reflect the formation of large
complexes via multimerization of PSD-95 and binding to ligand.
Deletion of the C-terminal E-C-E-V residues of YFP-LRRTM2
disrupted the colocalization with PSD-95 (Figure 5E). We also
confirmed the interaction by coimmunoprecipitation of myc-
tagged PSD-95 with YFP-LRRTM2 coexpressed in COS cells
(Figure 5F). Again, deletion of the C-terminal E-C-E-V residues
of YFP-LRRTM2 resulted in loss of the interaction. Thus,
LRRTM2 can interact with PSD-95 via its C-terminal E-C-E-V.
However, we were unable to coimmunoprecipitate LRRMT2
and PSD-95 family proteins from rodent brain (data not shown).
The major in vivo interacting partner for LRRTM2 may be
a different PDZ domain protein, or interaction with the PSD-95
family may be regulated in vivo, perhaps via modification of the
2 cysteine.
To determine whether the PDZ domain binding site is essential
for postsynaptic clustering of LRRTMs, we again assessed local-
ization of YFP-LRRTM2 constructs in cultured neurons. Deletion
of the C-terminal E-C-E-V did not abolish clustering of YFP-
LRRTM2DPDZ at glutamate postsynaptic sites colocalizing
with PSD-95 (Figures 5G and 5H). However, deletion of the
C-terminal 55 residues leaving only 17 residues after the trans-740 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.membrane domain did abolish clustering of YFP-LRRTM2DC-
term (Figure 5I). Deletion of thisC-terminal domain also abolished
polar distribution of the LRRTM2 protein, resulting in detection of
the YFP-LRRTM2DC-term on the surface of axons as well as
dendrites (Figure S6). Thus, the C terminus of LRRTM2 but not
the specific PDZ domain binding site is required for postsynaptic
clustering and for polarized distribution.
Overexpression of LRRTM in Neurons Increases
Clustering of Presynaptic Antigens Via the Extracellular
Domain
We wondered whether high-level expression of YFP-LRRTM2 in
neurons might increase presynaptic clustering onto the express-
ing neurons, similar to effects in the COS cell cocultures. Indeed,
high-level expression of YFP-LRRTM2 in neurons resulted in
greatly enhanced clustering of bassoon and synapsin onto the
expressing neurons in comparison with nontransfected neighbor
neurons (Figure S6). Enhanced presynaptic clustering was also
induced by YFP-LRRTM2DC-term and thus mediated by the
extracellular domain of LRRTM2 (Figure S6). Although YFP-
LRRTM2DC-term reached the surface of axons as well as
dendrites, theenhancedpresynapticclusteringwas largely limited
onto the somatodendritic domain, perhaps via othermechanisms
promoting axon-dendrite contact over axon-axon contact.
Postsynaptic Differentiation Mediated by LRRTMs
We next determined whether LRRTMs may be able to mediate
postsynaptic as well as induce presynaptic differentiation. We
testedwhetherartificial clusteringofLRRTMsatnonsynapticsites
on dendritesmight result in coclustering of postsynaptic proteins.
Hippocampal neurons were transfected to express low levels of
Neuron
LRRTMs Instruct Presynaptic DifferentiationFigure 5. Recombinant LRRTMs Localize to Excitatory Postsynaptic Sites Independently of PDZ Domain Binding
(A–C) Hippocampal neurons were transfected at 8–9 DIVwith YFP-LRRTM1 (A andB) or YFP-LRRTM2 (C), and the cultures were fixed 2–3 days after transfection.
YFP-LRRTMs are localized to puncta in the dendrites of hippocampal neurons. YFP-LRRTM puncta colocalize with puncta of PSD-95 family excitatory post-
synaptic proteins but not gephyrin inhibitory postsynaptic protein (A and C). YFP-LRRTMs were not observed in axons or at presynaptic sites; panel (B) shows
YFP-LRRTM1 colocalized with PSD-95 family and apposed to VGLUT1. Scale bar, 10 mm.
(D–F) Recombinant LRRTM and PSD-95 interact in COS cells. (D) Confocal image of a COS cell cotransfected with YFP-LRRTM2 and PSD-95-mRFP. The two
proteins form colocalized aggregates. (E) Confocal image of a COS cell cotransfected with YFP-LRRTM2DPDZ and PSD-95-mRFP. While YFP-LRRTM2DPDZ
forms small clusters even when expressed alone, PSD-95 does not cocluster but remains diffusely localized. Scale bar, 10 mm. (F) Myc-tagged PSD-95 was
cotransfected into COS cells with either wild-type YFP-LRRTM2 or YFP-LRRTM2DPDZ. Immunoprecipitation with anti-GFP antibody pulled down Myc-PSD-95
only when the full C terminus of LRRTM2 was present.
(G–I) Hippocampal neuronswere transfected with recombinant YFP-LRRTM2 constructs as in panels (A)–(C). (G) Clustering of YFP-LRRTM2 at postsynaptic sites
colocalizing with PSD-95 is again shown. (H) Deletion of the last four residues, the PDZ domain binding site, did not abolish synaptic clustering. (I) In contrast,
a larger deletion of the C terminus leaving only 17 residues after the transmembrane domain abolished synaptic clustering. The C-terminal deletion still reached
the neuron surface (see Figure S6). Scale bar, 10 mm.YFP-LRRTM1orYFP-LRRTM2, and then cultured in thepresence
of beads coated with anti-GFP antibodies. The antibody-coated
beads induced robust clustering of YFP-LRRTMs at nonsynaptic
sites (sites lacking VGLUT1 or VGAT) on the dendrites. Such arti-
ficial clustering of YFP-LRRTMs resulted in coclustering of theglutamatergic postsynaptic proteins NMDA receptor essential
subunit NR1 (Figures 6A and 6B), PSD-95 family (Figures 6C
and S7A), and SynGAP (Figure S7C). In contrast, artificial clus-
tering of YFP-LRRTMs did not result in coclustering of the inhibi-
tory postsynaptic protein gephyrin (Figures 6D and S7B). NR1Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc. 741
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showed a 3.2-fold enrichment compared with the rest of the
dendrite, and PSD-95 a 2.9-fold enrichment (p < 0.005, n = 6–21
cells), whereas gephyrin immunofluorescence was not enriched.
These results suggest that LRRTMs may be involved in bidirec-
tional signaling to recruit both postsynaptic and presynaptic
components.
Localization of Endogenous LRRTM2 to Excitatory
Synapses In Vivo
In order to assess the endogenous localization of LRRTM2,
we generated rabbit polyclonal antibodies against peptide
sequences in theC-terminal cytoplasmic tail of LRRTM2 (Figures
7A andS8). All four LRRTMmRNAs could be detected in cultured
hippocampal neurons by RT-PCR (data not shown). However,
with the LRRTM2 antibody only a weak signal was detected by
western blot, and no endogenous immunofluorescence was
detected inculturedneurons (data not shown), even though these
antibodies could detect LRRTM2 immunofluorescence in YFP-
LRRTM2-transfected cells (Figures S8D–S8G) and in brain
Figure 6. Clustering of LRRTMs Mediates Postsynaptic Differen-
tiation
Neurons were transfected with YFP-LRRTM1 (A) or YFP-LRRTM2 (B–D) and
the YFP fusion protein was artificially clustered using beads coated with anti-
bodies to GFP. The 1 mm diameter beads are visible in the phase-contrast
images. The anti-GFP beads effectively cluster the YFP fusion proteins.
(A and B) Staining for the NMDA-type glutamate receptor essential subunit
NR1 shows clustering of NR1 at bead induced clusters of YFP-LRRTMs, at
nonsynaptic sites lacking VGLUT1. Additional NR1 clusters are observed at
bona fide postsynaptic sites associated with VGLUT1. The boxed regions
are shownmagnified in the bottom panels. Scale bar, 10 mm. (C) PSD-95 family
proteins also cluster at bead induced clusters of YFP-LRRTM, at nonsynaptic
sites lacking VGLUT1. (D) The inhibitory postsynaptic marker gephyrin shows
no clustering by bead clustered YFP-LRRTM.742 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.sections (Figures 7C–7F). Thus, expression level of LRRTMs is
low in cultured neurons.
To address the localization of LRRTM2 in thebrain,wefirst per-
formed synaptic fractionation from adult rat brain. Biochemical
fractionation of whole-brain homogenate shows a strong enrich-
ment of LRRTM2 in the PSD fraction, the detergent-resistant
material following extraction of the synaptic plasma membrane
fraction (Figure 7B). This PSD fraction is also highly enriched in
PSD-95.We then examined localization of endogenous LRRTM2
in tissue sections using confocal microscopy. LRRTM2 is widely
distributed in neuropil regions in discrete puncta throughout
the brain. Consistent with the in situ hybridization data (Lauren
et al., 2003), LRRTM2 protein was detected in cortex, thalamus,
striatum, olfactory bulb, cerebellum, and all hippocampal
subfields (Figures 7C and 7D and data not shown). Also consis-
tent with LRRTM2 mRNA distribution, LRRTM2 protein is more
abundant in deep than in superficial layers of neocortex. The
protein further exhibits laminar-specific concentrations indepen-
dent of mRNA distribution. In the CA1 region of hippocampus,
LRRTM2 ismore concentrated in stratum lacunosummoleculare
than in radiatumororiens (Figure 7C), and inCA3LRRTM2 ismost
concentrated in stratum lucidum (Figure 7E). High expression
of LRRTM2 mRNA by cerebellar granule cells corresponds to
abundance of the protein at cerebellar glomeruli (Figure 7F). At
these large discrete cerebellar glomerular rosettes and CA3
mossy fiber synapses, LRRTM2 immunofluorescence overlap-
ped significantly with the general synaptic marker bassoon and
the excitatory synaptic marker VGLUT1. Thus, both biochemical
and immunofluorescencedata support localization of LRRTM2 to
glutamatergic postsynaptic sites in adult rodent brain.
Altered Distribution of VGLUT1 in LRRTM1/ Mice
As shown above, all four LRRTMs have synaptogenic activity.
LRRTM1 and LRRTM2 are most potent at inducing presynaptic
differentiation, target to glutamate postsynaptic sites, and clus-
teringof either ondendritesmediatespostsynapticdifferentiation.
Expression patterns of the four LRRTMs overlap extensively
in vivo (Lauren et al., 2003). Thus, it may require knockout of
multiple familymembers to reveal a strongphenotype.Westarted
an in vivo analysis of function here by generating genetically
targetedmice lacking the familymember isolated fromthe screen,
LRRTM1 (Figures 8A–8C). LRRTM1/ mice survived in the
expected Mendelian ratios, were fertile, and displayed no overt
phenotype. Brain morphology appeared grossly normal as
assessed by cresyl violet stain (excepting that one of twelve
LRRTM1/ mice showed anomalous ventroculomegaly, data
not shown). Cellular organization and synaptic distribution
assessed by DAPI stain and bassoon immunofluorescence were
indistinguishable from wild-type. Figure 8D shows images from
the hippocampal formation, which, along with thalamus, normally
expresses the highest levels of LRRTM1 (Lauren et al., 2003).
A quantitative immunofluorescence analysis revealed a
synaptic defect in specific regions of the hippocampal formation
in LRRTM1/ young adult mice (Figures 8E–8G). The measures
revealed a selective increase in the size of VGLUT1puncta inCA1
stratum radiatum and stratum oriens, but no change in CA1
stratum lacunosum moleculare or CA3 stratum lucidum. Puncta
density and intensity did not differ (Figure S9). The finding that
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LRRTMs Instruct Presynaptic DifferentiationFigure 7. Localization of LRRTM2 to Excitatory Synapses In Vivo
(A) An antibody against LRRTM2was generated. The blot shows recognition of an80 kDa protein in brain P2 lysate and in HEK cells transfected for recombinant
LRRTM2 but not LRRTM1.
(B) Synaptic fractionation of adult rat brain homogenate. The 80 kDa band corresponding to LRRTM2 is abundant in the PSD fraction along with PSD-95.
LRRTM2 is detected in the P2, synaptosome, and synaptic plasma membrane (SPM) fractions but less so in the cytoplasm and synaptic vesicle (SV) fractions.
(C–F) Confocal analysis of LRRTM2 immunofluorescence in mouse brain sections. (C) LRRTM2 is widely detected in synaptic neuropil regions throughout the
cortex and hippocampal formation. LRRTM2 exhibits a laminar-selective distribution; for example, in the CA1 region, LRRTM2 is present at higher levels in
stratum lacunosummoleculare (SLM) than in radiatum (Rad) or oriens (Ori). (D) LRRTM2 is detected in the granule cell layer andmolecular layer of the cerebellum.
(C and D) Scale bar, 200 mm. (E) In hippocampus, LRRTM2 is particularly prominent in CA3 mossy fibers synapses shown here. Colocalization with the general
synaptic marker bassoon and the excitatory synaptic marker VGLUT1 is shown. Enlarged regions are shown in the same color channels as themain panels (upper
left LRRTM2 grayscale; lower left LRRTM2 green with bassoon blue; upper right LRRTM2 green with VGLUT1 red; lower right triple-channel overlay). (F) LRRTM2
also colocalized with bassoon and VGLUT1 in cerebellar glomerular synapses. (E and F) Scale bar, 20 mm in main panels, 5 mm in enlarged regions.immunofluorescence for the active zoneprotein bassoonwasnot
significantly different, in puncta size, density, or intensity, in these
same double-labeled samples serves as an internal procedural
control and indicates a selective change in the glutamatergic
vesicle localized VGLUT1. The increased size of fluorescence
puncta for VGLUT1may indicate a dispersal of synaptic vesicles.
A similar increase in size of fluorescence puncta for synaptophy-
sin in neurons lacking b-catenin corresponded to a dispersal of
synaptic vesicles and reduction in reserved pool vesicles (Bamji
et al., 2003). LRRTM2 is highly coexpressed inCA1with LRRTM1,
and both LRRTM2 and LRRTM4 are coexpressed in CA3 (Lauren
et al., 2003). Specifically, the region of CA1 with the highest levelof LRRTM2 immunoreactivity, lacunosum moleculare, did not
show any alteration in VGLUT1 distribution in the LRRTM1/
mice, synaptic defects were only seen in radiatum and oriens,
which have relatively lower levels of LRRTM2 (See Figure 7C for
LRRTM2 immunoreactivity in CA1 regions).
Prevalence of Novel and LRR Proteins
from the Unbiased Screen
While these results validate LRRTMs as synaptogenic proteins,
we sought to determine the extent to which known synaptogenic
proteins plus LRRTMs explain the spectrum of brain synapto-
genic activity. A total of 521 pools of cDNA expression plasmids,Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc. 743
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LRRTMs Instruct Presynaptic DifferentiationFigure 8. Normal Brain Morphology but Altered VGLUT1 Immunofluorescence in LRRTM1/ Mice
(A) Targeting strategy for Lrrtm1 locus. Part of the wild-type Lrrtm1 locus as well as the elements of the replacing cassette are shown. The locations of the restric-
tion enzyme cleavage sites used in the Southern blotting analysis are indicated: B, BamHI; E, EcoRI; IRES, internal ribosome entry site.
(B) Southern blotting results with a correctly targeted ES cell clone (+/) and with a wild-type (+/+) ES cell clone are shown. Fragment lengths expected are 6 kb
for wild-type and 3.6 kb for a correctly targeted allele with the 50 probe (EcoRI digest), and 10.5 kb for wild-type and 5.4 kb for a correctly targeted allele with the
30 probe (BamHI and SpeI digest).
(C) Genotyping results for wild-type (+/+) mouse and mice heterozygous (+/) or homozygous (/) for Lrrtm1 deletion.
(D) No differences were detected in overall cellular or synaptic distribution in the LRRTM1/mouse brain compared with wild-type. DAPI stain for nuclei shows
normal cellular organization in the hippocampal formation. Immunofluorescence patterns for the presynaptic active zone protein bassoon are indistinguishable
between LRRTM/ and wild-type hippocampus. Scale bar, 200 mm.
(E–G) Quantitative analysis of immunofluorescence in the hippocampal formation at 4–5 weeks. (E) Sample confocal images, here from CA1 stratum radiatum.
Scale bar, 10 mm. (F) There was no difference in bassoon immunopositive puncta area between LRRTM1/ and wild-type in any region measured. Measures
were made from the same multichannel images as for panel (G). (G) Puncta area for the vesicle-associated protein VGLUT1 was selectively increased in CA1
stratum radiatum (Rad) and oriens (Ori) (t test p < 0.01, duplicate experiments of two LRRTM1/ and three wild-typemice), but unchanged in LRRTM1/ relative
to wild-type mice in CA1 stratum lacunosum moleculare (SLM) and CA3 stratum lucidum (Luc). Mean values for VGLUT1 puncta area in wild-type mice were
1.01 mm2 CA3 Luc, 0.50 mm2 CA1 SLM, 0.49 mm2 CA1 Rad, 0.50 mm2 CA1 Ori.
Panels (A)–(C) are reproduced from a doctoral dissertation (Lauren, 2007). All error bars are SEM.744 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.
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LRRTMs Instruct Presynaptic Differentiationrepresenting 123,050 independent clones, were tested in the
coculture assay. Eight pools scored positive for ability to cluster
synapsin in contacting axons, in the absence of postsynaptic
markers (Table 1). Four pools contained known synaptogenic
proteins, neuroligin-2 (Figure S10; Scheiffele et al., 2000) or
NGL-3/LRRC4B (Figure S11; Kim et al., 2006). Thus, two of the
four previously identified synaptogenic families (neuroligins,
EphBs, SynCAMs, and NGLs) were reisolated in this screen.
The additional positive pools do not contain known synapto-
genic proteins or LRRTMs, as assessed by PCR, and presum-
ably include novel clones. A majority of the synaptogenic
proteins scoring positive in this unbiased screen were previously
unidentified using other approaches. Of the three synaptogenic
protein families identified here, all contain C-terminal PDZ
domain binding sequences conserved among all family
members, and two contain extracellular leucine-rich repeats
(Table 1).
We next tested whether the results of this unbiased screen
couldbeused to further predict additional synaptogenic proteins.
New candidates were chosen based on primary sequence by
the presence of predicted extracellular LRR domains, a single
transmembrane domain, and a C-terminal sequence bearing
a consensus PDZ domain binding site and/or highly conserved
among family members and species. One of the six additional
candidates chosen, Slitrk2, tested positive in the coculture assay
for ability to induce clusters of synapsin in contacting hippo-
campal axons (Figure S12).
DISCUSSION
We performed here a function-based discovery screen in a
mammalian system for proteins that can instruct presynaptic
differentiation. In addition to isolating positive pools containing
neuroligin-2 andNGL-3 cDNAs, we identified LRRTM1 as synap-
togenic. We show that LRRTM1 instructs excitatory presynaptic
differentiation in contacting axons, mediates excitatory postsyn-
aptic differentiation in dendrites, localizes to excitatory postsyn-
aptic sites, and is required for normal VGLUT1 distribution
in vivo. These results provide a cellular basis for the linkage of
LRRTM1 to handedness and schizophrenia (Francks et al.,
2007). Results from this unbiased screen suggest that only about
half of mammalian synaptogenic proteins have been found by
Table 1. Results from COS Cell and Neuron Coculture Screen of
Expression Libraries
Size
Range
# cDNAs
Screeneda Positivesb
Extracellular
Domains
Conserved
C Terminus
1–2 kb 22,000 none
2–3 kb 52,050 NGL-3/LRRC4B LRR, Ig -ETQI
PB243
PB270
3–4 kb 22,250 LRRTM1 LRR -ECEV
PC151
4–5 kb 26,750 neuroligin-2 (3X) AChE -TTRV
aClones were screened in pools of 200–250 clones each, in 521 pools.
b PB/Cxxx are positive pools that contain novel synaptogenic proteins.other approaches and reveal a prevalence of LRR proteins as
synaptic organizers. Thus, the first major contribution of this
work is to develop a function-based unbiased screen to identify
novel mammalian synaptic proteins. The secondmajor contribu-
tion is to characterize the synapse-organizing activity of LRRTM
proteins.
When this project was initiated, there was considerable uncer-
tainty as to whether neuroligin was unique as a synaptogenic
factor or whether it was one of several such proteins. While
an unbiased search for such activity was likely to provide the
most convincing resolution of this issue, it remained unclear if
a broad synaptogenesis screen was feasible. After screening
over 105 cDNAs, we can conclude that multiple synaptogenic
protein families exist and that our knowledge of synaptogenic
factors does not yet include a full catalog of relevant cell surface
signals. The unbiased screen as performed here isolated only the
most potent synaptogenic factors. We identified neuroligin-3
by PCR in a pool that was scored as negative for synaptogenic
activity in the screen. Yet neuroligin-3 is able to induce presyn-
aptic differentiation in coculture (Chih et al., 2004). Thus, smaller
pool sizes may be needed to identify synaptogenic factors less
potent than neuroligin-2, NGL-3, and LRRTM1.
The LRRTM protein family was initially identified while looking
for proteins sharing sequence similarity to the Slit family of axon
guidance molecules (Lauren et al., 2003). The LRRTM protein
family is restricted to vertebrates and consists of four members
in mammals. All four family members are expressed in mouse
brain from P0 or earlier through adult (Lauren et al., 2003).
Each LRRTM family member displays the ability to instruct excit-
atory presynaptic differentiation.
LRRTM3 displayed the weakest activity among the LRRTMs
despite good apparent cell surface localization. Since LRRTM3
expression is low in hippocampus and higher in cortex (Lauren
et al., 2003), we also tested LRRTM3-CFP and LRRTM2-CFP
in a coculture assay using neocortical neurons. LRRTM3 was
much less effective as a synaptogenic factor using both neuronal
types (data not shown). Additionally, LRRTM3-CFP was often
concentrated in the COS cells along the length of contacting
hippocampal axons in a nonpunctate distribution (data not
shown), suggesting the presence of a binding partner along the
length of axons and not specifically at presynaptic sites. These
observations suggest that the function of LRRTM3 may be
significantly different from that of the other family members.
LRRTM3 was recently identified in an siRNA screen to promote
processing of amyloid precursor protein by BACE1 to increase
Ab secretion, a function not shared by the other family members
(Majercak et al., 2006).
LRRTM2 localized specifically to glutamatergic and not
GABAergic synapses in hippocampal culture (Figure 5C), and
the LRRTM2 LRR domain on beads could instruct glutamatergic
but not GABAergic presynaptic differentiation (Figure 4). Thus it
is not clear why LRRTM2 on COS cells was able to instruct
GABAergic as well as glutamatergic presynaptic differentiation
(Figures S3D and S3F). We suspect that the local concentration
of LRRTM2 available for presentation to axons may reach higher
levels on COS cells than on beads or at postsynaptic sites, allow-
ing for low-affinity interactions with GABAergic axons. Similarly,
neuroligin-2 instructs both excitatory and inhibitory presynapticNeuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc. 745
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LRRTMs Instruct Presynaptic Differentiationdifferentiation in the coculture assay, yet neuroligin-2 is exclu-
sively localized to inhibitory synapses under normal conditions
(Chih et al., 2005; Graf et al., 2004; Varoqueaux et al., 2004).
The distribution of neuroligin-2 can be shifted to excitatory
synapses upon overexpression of PSD-95, leading to the idea
that the ratio of postsynaptic organizing molecules may control
the ratio of excitatory to inhibitory inputs (Levinson et al.,
2005). Perhaps like neuroligins, LRRTM2 may function at both
synapse types under some conditions.
Our immunohistochemical localization of LRRTM2 in brainwas
consistent with the in situ hybridization pattern (Lauren et al.,
2003), widespread expression particularly prominent in cere-
bellar granule cells, the deeper layers of neocortex, and all major
cell layers of the hippocampus. The laminar distribution of
LRRTM2within thehippocampus (Figure7C)suggestsaselective
targeting of the protein. NGL-1, an LRR domain containing
synaptic adhesionprotein related toNGL-3 isolated inour screen,
is also selectively concentrated in CA1 dendrites in stratum
lacunosum moleculare opposite temporoammonic inputs from
the entorhinal cortex (Nishimura-Akiyoshi et al., 2007). NGL-1
redistributed equally to radiatum and oriens upon targeted
deletion of its axonal ligand netrin-G1. The laminar-selective
distribution of LRRTM2 may also be related to expression of an
axonal ligand by specific inputs. The LRRTM2 LRR-AP protein
did not bind cells expressing LRRTM2-CFP under conditions
where positive control neurexin-AP bound cells expressing
neuroligin-2-CFP (data not shown), suggesting the absence of
LRRTM homophilic binding.
The combined results of our screen suggest that LRR proteins
may be prevalent as synaptic cell adhesion and organizing
proteins, with two of the three proteins isolated here containing
LRR domains. Screening of an additional six LRR protein candi-
dates chosen only by primary sequence further identified Slitrk2
as synaptogenic. The Slitrk family was recently identified based
on homology to Slit secreted axon guidance molecules and Trk
neurotrophin receptors (Aruga and Mikoshiba, 2003). Little is
reported about cellular function other than ability to alter neurite
outgrowth, butmutations in Slitrk1 are associatedwith Tourette’s
Syndrome (Abelson et al., 2005), and targeted deletion of Slitrk1
in mice results in behavioral abnormalities (Katayama et al.,
2008). LRRTMs and Slitrks were not included in a set of 160
candidates tested recently by RNAi for a role in synapse develop-
ment; LRRC4C and LRRN6A were tested but found to have no
effect in this study, which identified a role for cadherins and sem-
aphorins in synapse development (Paradis et al., 2007).Mamma-
lian LRR transmembrane proteins previously shown to have
a synaptic function are NGLs and SALMs (Ko and Kim, 2007).
NGL-1 is reported to be important for axon outgrowth (Lin
et al., 2003), and subsequently NGLs were found to bind PSD-95
(Kim et al., 2006). Like LRRTMs, NGL-2 can promote excitatory
presynaptic differentiation using both bead and cellular coculture
assays (Kim et al., 2006). NGL-1 and NGL-2 bind netrin-G1 and
netrin-G2, respectively. However, direct aggregation of netrin-
G2 on axons does not mediate presynaptic differentiation, nor
does netrin-G2 induce postsynaptic differentiation in coculture
(Kim et al., 2006). Thus, like LRRTMs, the axonal binding partner
that mediates the synaptogenic activity of NGLs remains to be
fully identified. SALMs also bind PSD-95, and artificial clustering746 Neuron 61, 734–749, March 12, 2009 ª2009 Elsevier Inc.of SALM2 on dendrites directly mediates postsynaptic differenti-
ation, but SALMs do not instruct presynaptic differentiation in
coculture assays (Ko et al., 2006; Wang et al., 2006). A recent
expression screen in Drosophila also identified several other
LRR proteins as important in synaptic target selection (Kurusu
et al., 2008). Determining how these multiple synaptic LRR
proteins function cooperatively, and identifying their binding
partners, whether unique or common, is emerging as a major
challenge.
A specific component of this challenge will be to define the
precise role of LRRTM1-4 at synapses. The ability of a protein
to induce presynaptic specializations in the coculture assay
does not necessarily imply that its endogenous function is in
synapse initiation. Given the highly interconnected network of
proteins at presynaptic specializations in axons, any protein
that tightly binds to a transmembrane component of such
complexes could potentially instruct presynaptic differentiation.
Therefore, the coculture screen could yield proteins that are
involved in later stages of synaptic maturation, perhaps in
recruiting specific components that regulate selective synaptic
parameters. In some respects, neuroligins fit this description.
While neuroligins are potent synaptogenic factors in the cocul-
ture assay, and neuroligin-1, -2, -3 triple-knockout mice die
due to defects in synaptic function, loss of all neuroligins does
not result in an obvious effect on overall synapse morphology
(Varoqueaux et al., 2006). Furthermore, like the phenotype of
LRRTM1/ mice reported here, the phenotype of individual
neuroligin knockouts is subtle. The only defect reported for the
neuroligin-1 null mouse is a reduced NMDA to AMPA ratio at
CA1 synapses in acutely prepared slices (Chubykin et al.,
2007; Varoqueaux et al., 2006). Similarly, triple mutation of
EphB1 plus EphB2 plus EphB3 is required to observe any reduc-
tion in spine density in CA1 or neocortex, since single or double
EphB mutants exhibit no spine phenotype (Henkemeyer et al.,
2003; Kayser et al., 2006).
In addition to this clear evidence for redundancy among
members of each family of synaptogenic proteins, many
synaptic phenotypes tend to be apparent exclusively in vivo.
For example, dissociated cortical cultures from the neuroligin
triple knockouts show normal excitatory transmission and
synapse density and composition (Varoqueaux et al., 2006).
These observations, coupled with the apparent low level of
expression of LRRTMs in hippocampal neurons in dissociated
culture suggest that the function of these synaptic organizing
molecules may be assessed accurately only by in vivo studies.
The altered distribution of VGLUT1 but not bassoon in specific
hippocampal subfields with in vivo deletion of LRRTM1 as
reported here supports a role in selective recruitment of synaptic
components. Further ultrastructural, electrophysiological and
behavioral analyses will be required to fully characterize the
effect of deletion of LRRTM1.
Recently, LRRTM1 was shown to be linked via paternal trans-
mission with handedness and schizophrenia (Francks et al.,
2007). This finding is intriguing given our results indicating
a synaptic function for LRRTM1. Schizophrenia is likely to be
etiologically complex, with many genetic, epigenetic, and envi-
ronmental influences. Nonetheless, the identification of genetic
alterations associated with complex disorders even in rare cases
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LRRTMs Instruct Presynaptic Differentiationcan lead to the development of animal models, such as the neu-
roligin-3 R451C knockin, neuroligin-4 knockout, and neuroligin-2
transgenic mouse models of autism (Hines et al., 2008; Jamain
et al., 2008; Tabuchi et al., 2007). Thus, it is possible that our
molecular and cellular level studies on LRRTM1 may lead to
new directions of research on schizophrenia.
EXPERIMENTAL PROCEDURES
More detailed experimental procedures are described in the Supplemental
Data.
Generation of the Full-Length, Size-Selected Expression Libraries
Rat brains were dissected at P11, and the cerebellum and brainstem were
removed. Total RNA was prepared using the method of Carninci and Hayashi-
zaki (1999), and mRNA was further purified using the Ambion Poly(A)Purist
MAG kit. For purification of full-length cDNA, the biotinylated cap-trapper
protocol was implemented (Carninci et al., 1996). The first-strand synthesis
products are oxidized and 50-cap and 30-hydroxyl groups are biotinylated.
Limited RNase I digestion cleaves unhybridized RNA, thus eliminating the
50 biotin tag on first-strand products that are not full length. The remaining bio-
tinylated mRNA:cDNA hybrids are purified using streptavidin magnetic beads,
and single-stranded full-length cDNA is released following sodium hydroxide
hydrolysis of the mRNA strand. For second-strand synthesis, we developed
a modification of the single-stranded linker ligation method (SSLLM) to attach
a linker with a BamH I site to the cDNA (Shibata et al., 2001). Full-length cDNA
was digested and size-fractionated using a 1% low-melt agarose gel before
ligation into the pcDNA3 vector.
Cell Culture
Cultures of hippocampal neuronswere prepared fromE18 rat embryos accord-
ing to previously described protocols (Goslin et al., 1998; Kaech and Banker,
2006). COS-7 and HEK293T cells were cultured in DMEM-H supplemented
with 10% fetal bovine serum. Cocultures ofCOSorHEK293T cells and neurons
were performed essentially as described (Graf et al., 2004). For the expression
screen, COS cells were transfected in 12-well plates with 500 ng of plasmid
from each expression pool. Transfected COS cells were harvested by trypsini-
zation after 7 or 24 hr, seededonto neuron coverslips pregrown for 8–9DIV, and
fixed for screening 20 hr later.
Immunocytochemistry and Culture Imaging
For screening, cocultureswere fixed for 12minwith 4%paraformaldehyde and
4% sucrose in PBS (pH 7.4) followed by permeabilization with PBST (PBS +
0.1% Triton X-100). An initial blocking step was performed with PBS-BSA/
NGS (3% BSA, 5% normal goat serum) for 30 min at 37C. Cocultures were
incubated overnight in anti-synapsin I (1:2000; Millipore), anti-PSD-95 family
(IgG2a; 1:500; clone 6G6-1C9; Affinity Bioreagents; recognizes PSD-95,
PSD-93, SAP102 and SAP97), and anti-gephyrin (IgG1; 1:1000; mAb7a;
Synaptic Systems) in PBS-BSA/NGS. After washing with PBS, cocultures
were incubated in Alexa-488-conjugated goat anti-rabbit (1:500; Molecular
Probes) and Texas Red-conjugated goat anti-mouse (1:500; Invitrogen) was
used to detect gephyrin and PSD-95 in the same channel. After washing in
PBS, the coverslips were incubated with 200 ng/ml DAPI in PBS for 20 min,
washed, and mounted in elvanol (Tris-HCl, glycerol, and polyvinyl alcohol,
with 2% 1,4-diazabicyclo[2,2,2]octane). Primary antibodies used for other
experiments were rabbit anti-VGAT (1:2000; Synaptic Systems), anti-SynGAP
(1:2000; Affinity BioReagents), mouse anti-Tau-1, clone PC1C6 (IgG2A;
1:2000; Millipore; recognizes dephosphorylated tau), anti-bassoon (IgG2A;
1:1000; Stressgen), anti-synaptophysin (IgG1; 1:1000; BD Biosciences), anti-
NMDAR1, clone 54.1 (IgG2a; 1:1000; BD Biosciences), guinea pig anti-
VGLUT1 (1:4000; Millipore), and chicken anti-MAP2 (IgY; 1:8000; Abcam).
Images were acquired on a Zeiss Axioplan2 microscope with a 633 1.4
numerical aperture oil objective and Photometrics Sensys cooled CCD camera
using Metamorph imaging software (Molecular Devices) and customized filter
sets. Controls lacking specific antibodies confirmed no detectable bleed-
through between channels AMCA, CFP, YFP or Alexa 488 (imaged througha YFP filter set), Alexa 568, and Alexa 647. For quantitation, sets of cells
were cocultured and stained simultaneously and imaged with identical
settings. All imaging and analysis were done blind.
Electrophysiology
Whole-cell patch-clamp recordings were made at room temperature in Mg2+-
free extracellular solution (168 mM NaCl, 2.4 mM KCl, 10 mM HEPES, 10 mM
D-glucose, 1.3 mM CaCl2, 20 mM glycine, pH 7.4, osmolality adjusted with
sucrose). HEK293T cells were voltage clamped at 60 mV, spontaneous
currents recorded, and then mEPSC-like events recorded in the presence of
1 mMTTX. All activity was blockedwith 100 mMAPV. NMDA receptor-mediated
spontaneous events and mEPSC-like events were both measured with the
Axograph software using an optimally scaled sliding template (Clements and
Bekkers, 1997) and criteria of three times the SD. The measures likely under-
estimate frequency for the LRRTM2 group without TTX.
Bead Clustering Experiments
For clustering of YFP-LRRTMs, we used a protocol that had been previously
used to clusterYFP-neuroligins (Graf et al., 2004). For thepresynaptic induction
assay, 1 mm NeutrAvidin-labeled Fluospheres were mixed by constant inver-
sion at room temperature in HBS + BSA (10 mM HEPES, pH 7.3, 145 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 100 mg/ml BSA). The beads
were incubated with biotinylated anti-myc tag (IgG1; Millipore 16-170; 17 mg
per 10ml beads),washed, then incubatedwith 60mgof either the soluble control
APprotein or the LRRTM2LRR-APprotein for 2 hr inHBS+BSA.Coatedbeads
were resuspended in conditioned media and applied to 8 DIV hippocampal
neurons. Neurons were cultured in the presence of coated beads for 20–24 hr,
and fixed the following day for immunocytochemistry.
Generation and Analysis of LRRTM1/ Mice
The entire mouse Lrrtm1 open reading frame (ORF) is encoded by a single
exon. Thus, to generate LRRTM1 knockout mice this exon was chosen for
gene targeting. The plasmid used in the construction of the targeting construct
was obtained from Dr. Peter Mombaerts (Rodriguez et al., 1999). The ES cell
clones were analyzed by Southern blotting for the evidence of homologous
recombination (Figure 8).
Identical conditions were used for immunostaining as well as capture and
analysis of confocal images for each condition. Each experiment was per-
formed blind and in duplicate. Mice were perfused at 4–5 weeks with 2%para-
formaldehyde in PBS, brains postfixed and cryoprotected in 30% (w/v)
sucrose in PBS. Cryostat sections (20 mm) were incubated in blocking solution
containing 0.1 M PBS, 5% normal goat serum, 5% BSA, and 0.25% Triton
X-100, then overnight at 4C with anti-Bassoon (1:1000, Stressgen) and anti-
VGLUT1 (1:300; NeuroMab N28/9) in blocking solution, then with Alexa dye
conjugated secondary antibodies. Confocal images (0.37 mm optical section
at 5 mm below the tissue surface) were captured sequentially on a Fluoview
FV500 confocal system from five separate fields per anatomical region per
animal. Three wild-type and two knockout animals were used for analysis.
Images were analyzed using MetaMorph. A single threshold was set for
each staining condition to capture clusters that were clearly distinguishable
and tominimizemerged clusters. The number, size, and intensity of the puncta
were measured. Data from wild-type and knockout images were compared
using Student’s t tests.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures and
12 figures and can be found with this article online at http://www.neuron.
org/supplemental/S0896-6273(09)00084-1.
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